Arctic Ocean sea-level change is an important indicator of climate change. Contemporary geodetic observations, including data from tide gages, satellite altimetry and Gravity Recovery and Climate Experiment (GRACE), are sensitive to the effect of the ongoing glacial isostatic adjustment (GIA) process. To fully exploit these geodetic observations to study climate related sea-level change, this GIA effect has to be removed. However, significant uncertainty exists with regard to the GIA model, and using different GIA models could lead to different results. In this study we use an ensemble of 14 contemporary GIA models to investigate their differences when they are applied to the above-mentioned geodetic observations to estimate sea-level change in the Arctic Ocean. We find that over the Arctic Ocean a large range of differences exists in GIA models when they are used to remove GIA effect from tide gage and GRACE observations, but with a relatively smaller range for satellite altimetry observations. In addition, we compare the derived sea-level trend from observations after applying different GIA models in the study regions, sea-level trend estimated from long-term tide gage data shows good agreement with altimetry result over the same data span. However the mass component of sea-level change obtained from GRACE data does not agree well with the result derived from steric-corrected altimeter observation due primarily to the large uncertainty of GIA models, errors in the Arctic Ocean altimetry or steric measurements, inadequate data span, or all of the above. We conclude that GIA correction is critical for studying sea-level change over the Arctic Ocean and further improvement in GIA modelling is needed to reduce the current discrepancies among models.
IntrOduCtIOn
Sea-level change is an important indicator of anthropogenic climate change especially in the Arctic region, which is undergoing significant changes in climate and environmental conditions. Causes of Arctic Ocean sea-level change include rapid sea ice thinning (Kwok and Untersteiner 2011) , increased river discharges (Peterson et al. 2006) , ocean warming (Barry et al. 1993) , decreased sea-level pressure (Walsh et al. 1996) , and changes in ocean circulation (Bindoff et al. 2007 ).
Contemporary observations used to study Arctic sealevel changes are obtained from long-term tide gage, and more recently, data from satellite radar altimetry and Gravity Recovery And Climate Experiment (GRACE) (e.g., Proshutinsky et al. 2001 Proshutinsky et al. , 2004 Kuo 2006; Morison et al. 2007; Killett et al. 2011 ). Those observations also include contributions from ongoing glacial isostatic adjustment (GIA) process, which is the Earth's continuing viscoelastic response to the loading of glaciation and deglaciation since the last Ice Age. To study climate related sea-level change, this GIA effect should be removed from the derived sealevel trend, the straightforward way to do so is based upon GIA forward models. However, large uncertainty exists in contemporary GIA models and difference between GIA models is significant (e.g., Spada et al. 2011; Tamisiea 2011; Guo et al. 2012) , and also that inconsistent terminology or methodology has been used when removing the GIA contribution from both altimetry and GRACE measurements (Tamisiea 2011) .
A large portion of Arctic Ocean is permanently or seasonally covered by sea-ice although the sea-ice cover and thickness have been rapidly thinning. The presence of the sea-ice cover makes it difficult to observe sea-level change using past and current high latitude observing radar altimetry, including Geosat GM/ERM, ERS-1/-2, GFO, and Envisat (covers up to 81.5°N). Therefore, global sea-level rise estimates traditionally ignore the Arctic Ocean. More recently, Arctic altimetry data sets have been improved and higher quality altimetry data are obtained and validated in sea-ice free oceans (e.g., Lebedev et al. 2011; Cheng et al. 2012; Volkov and Pujol 2012) . Recent mass component sea-level budget assessments (e.g., Willis et al. 2008; Cazenave et al. 2009 ; Leuliette and Miller 2009; Peltier 2009; Leuliette and Willis 2011) focused on the ocean region between 66°N and 66°S, thus missing major part of the Arctic Ocean. These studies used different GIA models to remove GIA effect from both altimetry and GRACE observations. For altimetry observation, ICE-5GVM2 (Peltier 2004) was used in all studies to account for the ocean volume change resulting from GIA-induced seafloor deformation, for GRACE observation, ICE5GVM2 is used in Peltier (2009) and Cazenave et al. (2009) to remove the GIA effect from GRACE derived equivalent water thickness trend to study the present day mass component of the sea-level trend, while the others use the Paulson's model (Paulson et al. 2007 ) to remove GIA effect. Only the Stokes coefficient is available for Paulson's model, so it cannot be readily used to correct for altimetry measurements consistently (Tamisiea 2011; Guo et al. 2012 ). In addition, this inconsistency of using GIA models, the magnitude of GIA contribution to ocean mass change estimation is as large as the signal, or the mass component of present-day sea-level rise, ranging from 1.0 to 2.0 mm yr -1 in the sea-level trend. Consequently, it is crucial to assess the range of uncertainty in GIA contribution to GRACE measurements.
The primary goal of this paper is to evaluate the role of the GIA process in estimating secular rate of sea-level change from three above-mentioned geodetic observations in the Arctic Ocean. We first describe the theory of GIA modelling in general and the different GIA model predictions that are needed to remove GIA effect from different geodetic observations in detail, and then compare the difference of model prediction from 14 contemporary GIA models available to us, focusing on the Arctic Ocean region. Finally, the range of uncertainty when using GIA model to remove its effect from sea-level observation is assessed.
GLACIAL ISOStAtIC AdjuStMEnt And ItS COntrIbutIOn
During the last ice age, gigantic ice sheets accumulated over North America, Scandinavia, Greenland and Antarctica, reaching its maximum about 21000 years ago, with ice thicknesses as large as 3 -4 km and it is called the Last Glacial Maximum (LGM). Since then, these ancient ice-sheets began to melt and the melting was completed approximately 4000 years ago when ice sheets disappeared over North America and Scandinavia and decreased its size over Greenland and Antarctica. The melted water flowed into the ocean and caused a sea-level rise. Overall, the sea level has risen approximately 120 meters since LGM (Peltier 2004) .
When the solid Earth underneath the ice-sheet was depressed during the Ice Age, mantle material flowed away from the loading center to the surrounding region and created a forebulge. When the ice melted away or decreased in size, this forebulge collapse and the mantle material flowed back to the glaciated region, causing the former to subside and the latter to uplift (Peltier 2001 ). This geophysical process involving the response of the viscoelastic Earth to the loading resulting from deglaciation of ancient ice-sheets is called GIA. For GIA at present time, we assume that there is no water exchanging between ocean and land, so the ongoing GIA process is just a viscous response that causes present-day crustal uplift or subsidence mainly near the LGM ice-sheet centers. In addition, Earth's gravity field also changes resulting from this large-scale mass redistribution inside the Earth during the GIA process.
Theoretically modelling this GIA process and the induced sea-level change were first introduced by Farrell and Clark (1976) to solve the sea level equation with given ice history (the space-time evolution of ice load thickness) and assumed known viscoelastic structure of the Earth. In the sea level equation, GIA is assumed to be the only process (no ocean or other dynamic processes are considered), and sea surface is treated as an equipotential surface. The solution of the sea level equation provides the rate of relative sea level change (i.e., the sea level with respect to the bottom crust), the rate of crustal uplift and the rate of absolute sea level change (i.e., the sea level with respect to the geocenter used in the GIA model). The relationship between those terms is shown as follows:
where S R denotes relative sea level, S A denotes absolute sea level or sea surface, RAD denotes the crustal uplift, θ is colatitude, λ is longitude and t is time. S A is often referred to as geoid in the literature. However, this GIA geoid change is different from the classical definition of geoid change, which is zero-mean.
When ice sheets melted away, water is assumed to be redistributed from land to ocean instantaneously, causing rise in sea-level and changes in surface load, therefore both the sea surface (assumed to be an equipotential surface) and surface of solid Earth are deformed from this changing load. The relationship is given as sea level equation:
where ΔS R (θ, λ, t t denote the density of ice and water respectively, ΔI (θ, λ, t) is the space-time history of ice thickness variations given in ice history models. Note that ΔS R (θ, λ, t) exists in both sides of Eq. (2), thus, iterations are needed to solve the sea level equation. In the sea level equation the total water within the Earth system is assumed to be conserved, C( t ) is included here to conserve mass.
Two inputs required to solve this problem are, (1) the ice loading history, which is the space-time evolution of ice cover thickness; and, (2) the viscoelastic structure of the solid Earth which is used to compute the solid Earth deformation in response to the ice load change. The most used global ice history model right now is ICE-series, which was developed by Peltier and his colleagues Peltier 1994 Peltier , 2004 .
In GIA modelling, the sea surface is assumed to be an equipotential surface, and the value of this potential that defines this surface changes with time. It should be understood that the sea level right now is about 120 meters higher than the one at LGM. However, for the GRACE study, the geoid is defined as the equipotential surface that does not change its value over time. It is this time-dependent potential value of sea surface in GIA modelling that may cause the confusion when one using GIA models to remove its contribution from both altimetry and GRACE observations [see Tamisiea (2011) for more details]. Furthermore, the rotational state of the Earth changes due to the mass redistribution in GIA process, which leads to changes in centrifugal potential that will affect the sea level and thus cause the deformation of both solid Earth and sea surface, this is the so-called rotational feedback. Recent studies show that both the formulation and the influence of this rotational feedback effect on sea level are still under debate (Mitrovica and Wahr 2011; Tamisiea 2011; Guo et al. 2012) .
In the following, we will describe how the GIA process influences the geodetic observations in detail and how to totally remove its contribution from these observations to study present-day sea-level change.
GIA on tide Gages
Tide gage records the local sea level change relative to the benchmark that is attached to the Earth's crust. The tide gage observation is the change of distance between sea surface and the surface of solid Earth. The ongoing GIA process causes the glaciated region to rebound and the surrounding region subside, the tide gage near the glaciated region, i.e., the forebulge region at the LGM, will record a relative sea level (RSL) decrease, while the tide gages surrounding glaciated region will capture an increasing RSL in its record. It is known that a region far away from glaciated region could also be affected Peltier 1998) .
The mass redistribution of mantle material causes the crustal uplift underneath the tide gage that is recorded by the tide gage. This mass redistribution also perturbs the equipotential surface that is at the sea surface. Therefore, in order to remove the GIA contribution from tide gage records, both sea surface change and solid Earth surface change need to be accounted for. The GIA model predicted rate of relative sea level accounts both effects and is used to remove GIA contribution from tide gage records. Some recent studies used GPS measurement at or near tide gage benchmarks to obtain vertical land motion and used it to correct the tide gage record to compare with altimetry results. However, this only removes part of the GIA effect (Tamisiea and Mitrovica 2011) .
It is worth mentioning that tide gage records also include the elastic contribution from present-day loading change, such as ice sheet or glacier melt, atmosphere, tidal, ocean or hydrologic loading. To study the sea-level change caused by present-day climate change, these effects must be removed from the tide gage RSL record.
GIA on Satellite Altimetry
Satellite altimetry measures the absolute sea level relative to a common datum. The most commonly used datum at present is the International Terrestrial Reference Frame (ITRF). In the ongoing GIA process, the mantle material redistribution changes the sea floor and the equipotential surface on which the absolute sea level lies. In GIA modelling, an assumption is made that there is no current water exchange between land and ocean, so the averaged GIA predicted absolute sea level change over ocean is actually the averaged changes of surface of the sea floor.
The average of absolute sea surface from GIA model prediction over specific region gives a correction to altimetry measured sea level trend. Peltier (2001) computed a global average of his GIA model prediction over 66°N to 66°S (the coverage limit of TOPEX/Poseidon satellite altimetry), and obtained an average value of -0.30 mm yr -1 , which is suggested to be used for GIA correction to globally averaged altimetry measured sea-level rise. Over the Arctic Ocean, this correction is relatively small when compared to the altimeter measurements, which will be shown in detail in the next section.
GIA on GrACE
GRACE measures the gravity change due to mass redistribution within the Earth system. Normally it is interpreted as the surface mass loading in terms of equivalent water thickness change on an elastic Earth (Wahr et al. 1998 ). GIA process is largely the redistribution of mantle mass, the density of the mantle is much higher than the density of water. If one interprets the GRACE measurement without removing the GIA effect, it would lead to significant different or even erroneous estimates. To obtain the sea-level change due to ocean mass change, the GIA effect should be removed before interpretation, the straightforward way is using GIA models. Two approaches are normally used, one is to remove GIA effect in the GRACE-derived spherical harmonic coefficients before converting them to equivalent water thickness. The other is to compute equivalent water thickness from GIA geopotential changes directly. In this study, we adopt the latter way in order to investigate how large is the uncertainty due to GIA models.
In contrast to the contribution to altimetry measurements, GIA contribution in GRACE observation is different in two aspects. The first aspect is a spatial constant value due to the different definition between GIA predicted absolute sea level and geoid. This constant is shown as the spherical harmonic degree zero in the decomposed GIA predicted absolute sea-level change, in GRACE, the changing rate of degree zero Stokes coefficient is zero to indicate that the total Earth system conserve mass. The second aspect is that the GRACE measurement is acquired in inertial reference frame, but the GIA model prediction is used for observation obtained in Earth-fixed rotating frame. The additional centrifugal potential, which results from the changes in polar motion due to mass redistribution in GIA process, could affect the sea level or sea surface that is observed by altimeter, but GRACE does not sense the influence from this change of centrifugal potential. Therefore, for the GIA models with rotational feedback, if they are used to correct GRACE observation, this centrifugal potential must be removed before calculation.
It is worth to mention that in both Altimetry and GRACE data processing, the effect of pole tide (including both solid Earth and ocean pole tides) computed using observed polar motion based on elastic Earth model was removed. Thus, when computing GIA correction for both Altimetry and GRACE from the GIA models with rotational feedback, the contribution from GIA caused polar drift to pole tide assuming elastic response of the solid Earth should be excluded (Guo et al. 2012 ).
dAtA dESCrIptIOn
Data used in this study are GIA models, secular sealevel trend derived from long-term tide gage and high latitude satellite altimetry, and ocean bottom pressure derived from monthly GRACE gravity observations.
GIA Models
In this study we use 14 GIA models available to us to compute the GIA effect that needs to be removed from tide gage, satellite altimetry and GRACE observations respectively. The comparison of these 14 GIA models was conducted based on two approximate inherent relations in GIA model in Guo et al. (2012) . Here our purpose is to investigate their differences when they are applied to remove GIA contribution from geodetic observations to study sealevel change over the Arctic Ocean, the descriptions of GIA model in Guo et al. (2012) are adopted in here.
Descriptions of models are provided in Table 1 , where references for more information are provided. We adopt the "short name" convention as in Guo et al. (2012) . The convention is as follows, the first 3 letters denote the author(s), the following number/letter denotes the ice history used in the model (e.g., 5 means ICE-5G), the next 3 letters (if any) indicate Earth model/rheology or other information, and the last 'R' (if included) is used to indicate that rotational feedback is considered in the model. Most of the models are from two sources, the first one is website of the Special Bureau for Loading (SBL) of the Global Geophysical Fluid Center (CGFC) of the International Earth Rotation and Reference System Service (IERS) 1 , the second one is from the author(s) via private communication.
Most commonly used models in GRACE community are Pau-5-R and Peltier-5-VM2-R. About Pau-5-R model, we have only the gravitational potential data, so in this study, this model is only used to correct GRACE observations, it is not used to correct tide gage and satellite altimetry observations. Centrifugal potential effect is removed from Peltier-5-VM2-R and Peltier-5-VM4-R in order to correct GRACE observation. The W&O-EGOD model is an estimation from geodetic observation data (EGOD) (Wu et Peltier (1994) . (4) Peltier and Andrews (1976) . (5) Modified from ICE-3G : glaciation included smoothing to fill in between discs of ice load. (6) Lambeck et al. (1998) al. 2010), no ice history or Earth parameter data are used in the computation.
Long-term tide Gage record
Long-term tide gage records from 65 sites that are provided by the Permanent Service for Mean Sea Level (PSMSL) are used in this study. All the monthly averaged Revised Local Reference (RLR) records available from 1948 to 2010 are used to estimate sea-level trends. The Inverted Barometer (IB) correction is applied to all the tide gage records to remove the barotropic response of the ocean to the atmospheric pressure. Locations and time spans of these tide gages are shown in Table 2 , tide gage derived trends without removing GIA effect are shown geographically in Fig. 1. 
Satellite Altimetry
Multi-mission satellite radar altimetry observations are obtained from the AVISO DUACS V3.0 data product (Data Unification & Altimeter Combination System, http://www. aviso.oceanobs.com). The gridded secular sea-level trends are then estimated by using weekly data products from 1992 to 2010. Corrections such as atmospheric (ionosphere, dry and wet troposphere) delays, ocean, solid Earth and polar tides, sea state bias and inverted barometer correction are applied to the data. The geographical variation of the sealevel trend over the Arctic and sub-Arctic Ocean is shown without removing GIA contribution (Fig. 2) . We select the region inside the red polygon as our study region. That is primarily because that in this region we have steric-corrected altimetry result available to us in order to compare with ocean mass component of sea-level change derived from GRACE. The averaged satellite altimetry observed sealevel trend over the study region is 1.90 mm yr -1 without removing both GIA effect and the steric effect. The steric component is removed from the altimetry observation using an updated steric product from Ishii et al. (2006) following the same procedure described in Kuo et al. (2008) .
GrACE
The data we used here are 96 GRACE RL04 monthly spherical harmonic gravity models generated by the Center for Space Research (CSR), University of Texas at Austin, spanning from January 2003 to December 2010. Spherical harmonic coefficients are provided up to a maximum degree 60. C20 derived from Satellite Laser Ranging (SLR) observation are used to replace the C20 in GRACE monthly solutions. Decorrelation and leakage reduction are conducted according to Duan et al (2009) and Guo et al (2010) , 300 km half width Gaussian filter is used in here. An estimated ocean bottom pressure trend after decorrelation is plotted in Fig. 3 , GIA contribution is not removed yet and also the leakage reduction is not conducted yet because it needs to remove the GIA effect first. In our final result, we first remove the GIA contribution using each of the available model, then apply the leakage reduction.
COMpArISOn rESuLtS
The comparison between the GIA models are studied in Guo et al. (2012) by using two approximate relationships developed by Wahr (Wahr et al. 1995) , results show unacceptable differences between those models when they are used in the GRACE study. In this study we focus on the Arctic Ocean and compare the differences when they are used to remove GIA contribution from contemporary geodetic observations. First, we will compare those model predictions over the entire Arctic Ocean, and then we will select a study region (the Arctic Ocean inside the red boundary) where all three measurements are available. Figure 4 shows the GIA model prediction for tide gage observation over the entire Arctic Ocean from 13 GIA models with tide gage sites used in this study plotted as magenta dots. In Barents Sea and Kara Sea, almost every model show similar patterns except S&S-1 and SVv-L-ALT, the reason might come from the different ICE history model they used. The same reason for the East Siberian Sea, GIA models using ICE3G and ICE4G show negative values, that is because in ICE3G and ICE4G, East Siberian area are assumed to have thick ice sheets covered before. The location of large negative trend in Barents Sea in W&O-EGOD model is different with others, we mentioned that this model is an esti- Fig. 2 . Secular sea-level trend estimated from AVISO multi-mission radar altimetry data product (without removing GIA effect). Fig. 3 . GRACE-derived ocean bottom pressure trend without removing GIA effect, leakage reduction is not conducted before removing GIA effect. CSR Level-2 RL04 monthly gravity models are used from January 2003 to December 2010. Red polygon denotes the study region wherein the GRACE result is compared with steric-corrected altimetry sea-level change. mate from geodetic observations, the decreasing ice cover in Svalbard Island is already considered in their inversion, but it is not included in other GIA models. If averaged over the entire Arctic Ocean, the range of GIA correction for the tide gage is from -0.26 to 0.81 mm yr -1 (Table 3) . In this study, we use 65 tide gage sites along the coasts of the Barents, Kara, Laptev and East Siberian Seas, and remove GIA contribution using models to obtain the climate related regional secular sea-level change. Simply averaging all the obtained sea-level trends from tide gages without removing GIA effect gives a rate of sea-level trend of 0.90 ± 0.43mm yr -1 , after removing GIA effect, the number increases to 1.72 ± 0.44 mm yr -1 , which is consistent with Proshutinsky et al. (2004 Proshutinsky et al. ( ) who use long-term (1954 Proshutinsky et al. ( -1989 tide gages to estimate a rate of sea-level rise of 1.85 mm yr -1 . All that information taken from tide gage sites and GIA models in this study are given in Table 4 . In addition, the sea-level trends with and without removing GIA effect from 65 selected tide gage sites are plotted along the longitude in Fig. 5 , the grey belt in Fig. 5 indicates the uncertainty of applied GIA corrections, and one could easily recognize the Table 3 . Statistics of GIA contribution over the entire Arctic Ocean: 66 to 90°N (unit: mm yr -1 ). Abbreviations: GIA -GIA Contribution; TGTide Gage; RA -Radar Altimetry; STD -Standard Deviation. large uncertainty exists between 20 to 60°E where the GIA signal is obvious and also the region between 140 to 160°E that is probably due to the difference of ICE history models used in their GIA modelling (Fig. 4) . In our study, we also compare tide gage derived sealevel change to altimeter derived sea-level change after removing the GIA effect. Here the steric component is not removed from altimetry observations, since it is also equally present in tide gage observations. Results from 10 sites (Names in bold in Table 2 ) that have same time span from 1992 to 2010 are used. They are all located along the coast of the Barents Sea. An Inverted Barometer (IB) correction is applied to all the tide gage sites in order to compare with the altimeter derived sea-level trends. Instead of comparing the time series of sea-level change obtained from both tide gage and radar altimetry for each tide gage location, here comparison is made after directly averaging all the measurements over study region because we are interested in the role of GIA when correcting both measurements. The sea-level trend without removing GIA effect is 0.15 ± 0.65 mm yr -1 , after removing GIA effect, is 2.02 ± 1.02 mm yr -1
tide Gage
. The tide gage NY-ALESUND in Svalbard Island, which has data record from 1992 to 2010, is not included because it is highly influenced by the elastic loading from the present day ice melting. Figure 6 shows the GIA model prediction of sea surface change observed by altimetry over the Arctic Ocean by using 13 GIA models available to us. In Barents Sea, Pel-5-VM2-R and Pel-5-VM4-R show significant difference with other models. For the models with rotational feedback, Pel-5-VM2-R and Pel-5-VM4-R show larger negative values than SKM-O-R and vdW-5-R in the oceans of western hemisphere. The others models show similar patterns. Figure 7 shows the altimetry derived sea-level trend after removing GIA contribution. If averaged over the entire Arctic Ocean, the range of GIA contribution to altimeter-observed is from -0.24 to 0.11 mm yr -1 (Table 3) , which represents a large range that directly contributes to the error in the estimated sea-level trend.
Altimetry
Here we compare the tide gage derived and the altimetry derived sea-level trend after GIA corrections to both data sets during 1992 to 2010. Since tide gage records are just point values of regional sea-level change, here altimeter derived sea-level trend is averaged near the 10 selected tide gages assuming that sea-level variation in these areas is insignificant as compared to sea level change. The sea-level trend without removing GIA effect from altimeter measurement is 2.88 mm yr -1 , and after removing GIA effect, this ). Abbreviations: GIA -GIA contribution; TG -Tide Gage; SL -SeaLevel trend; RA -Radar Altimetry. number is 2.73 ± 0.11 mm yr -1 (Table 5) . From Table 5 , one could easily tell that GIA plays a large role in tide gage derived sea-level trend than altimeter. Figure 8 shows the GRACE-Type mass change contribution computed from 14 contemporary GIA models. It shows significant difference between these models. When averaging over the entire Arctic Ocean, the range of GIA contribution is from -5.76 to 1.31 mm yr -1 (See details in Table 3 ), which is practically the same magnitude as the GRACE-derived ocean bottom pressure trend estimation (-6.93 mm yr -1 ) without removing the GIA contribution. Large negative values were found in SKM-O-R model with unknown cause. Models use same or similar ICE history models or viscosity models show similar patterns, like Pel-4-VM2 and W&W-4, Pel-5-VM2-R and Pel-5-VM4-R. But the uncertainties are still large enough to make the GRACEderived result unreliable in this study region. Figure 9 shows the GRACE derived ocean bottom pressure after removing GIA contribution. Significant differences exist between those models. The most common GIA models used right now in GRACE community are Pau-5-R and Pel-5-VM2-R, however they are shown significantly different in both spatial pattern and amplitude even though they are using the same ICE history models and similar viscosity models.
GrACE
In our study, we also try to compare steric-corrected altimetry derived ocean mass component over the study region. The steric component, which comes from the ocean water density change resulting from changes in salinity and temperature, is removed from the altimeter measurement. The ocean mass component from steric-corrected altimeter ranges from -0.02 to 0.26 mm yr -1 , and the mass component from GRACE observation after removing GIA effect is ranging from -7.84 to 1.18 mm yr -1 . The reason why they do not agree is the primarily large range of uncertainty in GIA contribution over the study region, or the errors in Arctic Ocean altimetry or steric measurements, or all of the above.
From our study, we know that GIA contribution for satellite altimetry measured sea-level change is an order of magnitude smaller than contributions for tide gage measured sea-level changes and GRACE measured surface mass changes. Hence, uncertainties in GIA models have less influence on altimetry measured sea-level changes than the other two. Higher sensitivity of GRACE measured surface mass changes to GIA may be due to the fact that rock density is about 3 times of that of water, since in GIA, crustal uplift and RSL change have practically the same magnitude with opposite signs, while satellite altimetry measures the sum of crustal uplift and RSL change. This also explains why tide gage measured relative sea level change is more sensitive to GIA than altimetry measured absolute sea level change.
Based on our comparison, SKM-O-R provides the appropriate GIA corrections over our study region, if consistence between GRACE and altimetry results of sea-level is taken as criteria. However, due to the unacceptably large discrepancies among the GIA models we have compared (e.g., Guo et al. 2012) , there is no evident reason to conclude that one specific GIA model is better than the others. We wonder whether the better fit as indicated by the SKM-O-R model for our study region could just be a coincidence, and that a different model may be a better fit for a different region. We conclude that it is difficult to identify the best GIA model to be recommended for the Arctic Ocean region for sea-level studies.
COnCLudInG rEMArkS
The effects of GIA to geodetic observations to study present-day sea-level change over the Arctic Ocean have been investigated, and the differences between those model predictions are described and compared. The conclusions are as follows.
(1) GIA contribution for tide gage measurements over the Arctic Ocean has a large range when using different GIA models, this study indicates that this value is ranged from -0.26 to 0.81 mm yr -1 . Sea-level trends from 65 selected long-term tide gages along the coast of the Arctic Ocean are obtained, after GIA corrections, the estimated sea-level trend is 1.72 ± 0.44 mm yr -1 , which is consistent with a previous study (Proshutinsky et al. 2004 ), who used Pel-5-VM2-R for GIA correction. (2) The GIA contribution for satellite altimetry measurements is relatively small over the Arctic Ocean. Multisatellite derived mean sea-level trends are used in this study. After removing the GIA contribution, the sealevel trend (2.73 ± 0.11 mm yr -1 ) shows agreement with 10 selected tide gages derived from a secular sea-level trend (2.02 ± 1.02 mm yr -1 ) when averaged over the study region in the same time span. (3) The GIA correction for GRACE over the Arctic Region is substantial, uncertainty of the GIA contribution to GRACE observation ranges from -5.76 to 1.31 mm yr -1
Model
for the entire Arctic Ocean. It is large enough to make this result to be GIA model dependent. Over the study region, the ocean mass component obtained from GRACE with GIA effect removed does not agree well with the steric-corrected altimeter result. (4) GIA model predictions over the Arctic Ocean are significantly different, to study present day sea-level change in this region, further improvement in GIA modelling is needed.
